One contributor to agriculture's high death rate is confined space fatalities caused by entrapment in grain. Over 1,000 grain-related fatalities have been documented by researchers in 43 states, and states with the largest grain storage capacities have been shown to experience a proportionally larger number of suffocation fatalities. Several researchers have measured extraction forces in specific conditions, but a reference standard is needed for estimating the extraction forces for grain suffocation victims in common conditions. A prediction model for estimating extraction forces was developed using the principle of boundary shear, an approximation of human surface area, and a commonly accepted equation for lateral granular pressure. This research reintroduces the prediction model for extraction forces and explores several sensitivity analyses of the input variables. It also updates the anthropometric data used in the model calculations and produces extraction force estimates for adult male victims with different body shapes submerged below the grain surface. Results from the prediction model are presented graphically for common input variables, various entrapment depths, and adult male body shapes. 
ades (Loewer and Loewer, 1974; NRAES, 1986; Schwab et al., 1997; Collins, 2005; Iowa FACE, 2011; CASHRE, 2016) . More than 1,000 grain-related fatalities were documented in 43 states from 1964 to 2016 (Issa et al., 2016) . Issa et al. (2016) demonstrated that states with a large number of farms with on-site grain storage (i.e., Iowa, Illinois, Indiana, Nebraska, and Wisconsin) experienced a proportionally larger number of suffocation fatalities.
Beyond reporting the numbers of grain suffocations and the circumstances responsible for these tragic outcomes, it is important to understand the physical conditions during an entrapment. Mathematically modeling the extraction forces for an entrapment victim assists safety researchers in identifying the variables that influence the extraction forces and establishing the base assumptions and parameters that are significant for extraction force prediction. A model allows exploration of innovations for rescue and the ability to understand new or different entrapment conditions that could be encountered. A model, along with experimental results, strengthens the general understanding of extraction forces. Schwab (1982) measured extraction forces for different test mannequins using two grains, three flow rates, and two flow conditions. Measured extraction forces for a 75 kg (165 lb) adult mannequin ranged from 4,230 to 9,212 N (951 to 2071 lbf). This research is the source of a common informational graphic that shows the extraction force by depth submerged in grain for a 75 kg (165 lb) victim, as shown in figure 1.
Other researchers have measured extraction forces for different types of entrapment conditions. Roberts et al. (2015) measured the difference between extraction forces with and without a grain rescue tube around an entrapped victim. The extraction force increased if no grain was removed from inside the grain rescue tube compared to not using a grain rescue tube. When grain was removed from inside the grain rescue tube, the extraction force was less. Issa and Field (2017) measured the extraction forces of a victim pulled from various angles and found that sharper angles (15° to 30°) of pull increased the peak force by nearly 1,000 N (225 lbf). Schwab et al. (1985) expanded on the principle of boundary shear identified by Cowin and Trent (1980) and combined it with the Janssen (1895) equation for predicting granular pressures, with an approximated human surface area, to develop a model for predicting the force required to extract a person trapped in grain. No other researcher has published a prediction model since, nor has much work been done to refine the originally proposed model for determining extraction forces exerted on a victim entrapped in granular material. The purpose of this article is to reintroduce the prediction model, explore sensitivity analyses of the independent variables, update the anthropometric data used in the calculations, and produce extraction force estimates for adult male victims with different body shapes submerged below the grain surface.
Original Prediction Model
The original prediction model is divided into two conditions based on the victim's position relative to the grain surface. The first condition is when the victim is completely submerged below the grain surface. The second condition, not included in this article, is when the victim's head and shoulders are above the grain surface. The original prediction model for the first condition used the mass of the victim, vertical loading from the grain above the victim, and the frictional loading on the victim. These three components for the first condition are expressed in equation 1:
where W = mass of victim (kg) g = standard acceleration of gravity (m s 
Prediction Model Limitations
The prediction model was only intended for the enveloping flow conditions in a cylindrical bin with a grain height to bin diameter ratio of 2.0 or less (ASABE, 2016) . When the grain height to bin diameter ratio is larger, the stored grain does not create an enveloping flow pattern on the top surface and greatly reduces the potential for submersion. The prediction model was not intended to estimate the extraction force for a victim submerged from a collapsed grain bridge. Those conditions typically involve non-free-flowing granular material because bridging results from frozen or spoiled grain.
Prediction Model Sensitivity Analysis
A direct sensitivity analysis was conducted on the extraction force prediction model. Partial differentials of equation 1 were made for each variable in equation 1. The distance from the top of the victim's head to the top surface of grain (y 2 ) was not included because that variable is dependent on y 1 and y 3 . The direct sensitivity analysis did not provide any useful information about the variables in the prediction model.
A sensitivity coefficient for the variables, as described by Hamby (1994 Hamby ( , 1995 , was calculated using the partial differential equations and the quotient of the variable and resulting force of extraction to normalize the product. The sensitivity coefficient for each independent variable was calculated for different fractions of the base variable. This dimensionless sensitivity coefficient was graphed, and the results did not provide any useful information about the independent variables.
The one-at-a-time sensitivity measure was also used. Each independent variable was varied by -10%, -7.5%, -5%, -2.5%, 0%, 2.5%, 5%, 7.5%, and 10% of a set base value (table 1). The percentage of the extraction force (dependent variable) was calculated and plotted based on the fractional change in the base variable (independent variable). Two independent variables (coefficient of friction of grain on grain, and stature of the victim) were the only two variables that yielded an inverse influence ( fig. 3 ). As the victim stature increased, the percentage of the extraction force decreased. The reverse was also true: as the victim stature decreased, the percentage of the extraction force increased.
Three independent variables (mass of victim, hydraulic radius of bin, and top surface area of victim) had a negligible influence on the dependent variable and were documented as having less than 1% change in the dependent variable for a maximum change of 10% in the independent variable ( fig. 4 ). An unexpected outcome of this sensitivity analysis was the small impact that the top surface area of the victim had on the predicted extraction force. Initially, this variable was expected to have more influence.
The most influential independent variable appeared to be the distance from victim's feet to top of grain ( fig. 5 ). When this independent variable changed by 10%, so did the dependent variable of extraction force. Four other independent variables (bulk weight of grain, surface area of victim, coefficient of friction of grain on victim, and ratio of vertical to lateral pressure) had impacts on the dependent variable that were less than the most [a] The 3.05 m depth for the base value was selected because the victim must be below the grain surface for condition 1 of the model to apply. influential independent variable (distance from victim's feet to top of grain). Therefore, focus was warranted on these five independent variables: surface area of victim, bulk weight of grain, distance from victim's feet to top of grain, coefficient of friction of grain on victim, and ratio of vertical to lateral pressure.
Anthropometric Data
The physical measurements for a victim that were used in the original prediction model were from anthropometric measurements reported by Dreyfuss (1959) . The anthropometric data for a 50th percentile male adult was used to estimate the surface area of a submerged victim using simple geometric solids (i.e., right ellipsoidal cylinder, frustum of a right cone, and obelisk). The surface area of a submerged victim was estimated by summing the different body part calculations, as shown in table 2. When the prediction model was developed, these were acceptable body dimensions and surface area values. However, the standard shapes of contemporary human beings are considerably different from the standard body shape defined over four decades ago. More varieties of human shapes exist than the standard idealized shape used in past anthropometric models. The technology used to collect physical shape data, changes in the general population, and the ability to estimate surface area have also changed.
The anthropometric data for stature and body mass index (BMI) for a 50th percentile male from a government report (DHHS, 2016) and the University of Michigan Transportation Research Institute (UMTRI) human model were used to construct a computer-generated 50th percentile male model that could be used in a comparison of total surface area calculations with the initial estimate of 1.77 m 2 (19.0 ft 2 ) (table 2). Two major differences were the body shapes between these two 50th percentile males and the method used for calculating the total surface area of the victim using crude geometric solids ( fig. 6 ). The computer-calculated surface area of the 50th percentile male UMTRI model was determined to be 1.88 m 2 (20.25 ft 2 ). The 6% difference between these two surface area calculations is reasonable, given the different methods used for estimating surface area and the variation due to physical changes in the average human body in recent decades. 
Extraction Force Predictions for Males
A question that has been repeatedly asked refers to the extraction force predictions for males who are not 75 kg (165 lb), 1829 mm (6 ft) in stature, and considered in perfect physical shape. This research examined three male statures (tall, medium, and short), as shown in figure 7 , and four male BMI values (underweight, normal, overweight, and extreme obesity), as shown in figure 8. Several calculations were performed to determine the extraction force predictions for these conditions, which varied the depth at which the victim's feet were buried below the grain.
A total of 60 human male models were constructed using DHHS (2016) anthropometric data and UMTRI (2018) human male model samples was to determine the influence that the variables stature, BMI, and age had on the calculated surface area of a victim. There were good relationships of surface area with stature and BMI. These relationships are shown in figures 9 and 10. Victim age had no significant relationship with victim surface area and was not considered in the extraction force prediction model. The same 60 human male models that were used for the surface area calculations were used for top surface area calculations. The purpose was to determine the influence that the variables stature, BMI, and age had on the calculated top surface area of a victim. There were good relationships of top surface area with stature and BMI. These relationships are shown in figures 11 and 12. Victim age had no significant relationship with victim top surface area and was not considered in the extraction force prediction model.
The original extraction force prediction model was slightly modified for the purpose of this research. Because the mass of the victim is a constant variable in the extraction force prediction, it does not directly influence other components of the prediction model. Indirectly, variations in the influence of the victim's mass are managed through the influences of stature and BMI on the victim's surface area and top surface area. The variations in The partial extraction forces for twelve male human body conditions, combining the three statures and four BMI values, were calculated for submersion depths (y 3 ) of 3.05 to 6.10 m (10 to 20 ft). The body conditions were tall underweight (TU), tall normal (TN), tall overweight (TO), tall extreme obesity (TE), medium underweight (MU), medium normal (MN), medium overweight (MO), medium extreme obesity (ME), short underweight (SU), short normal (SN), short overweight (SO), and short extreme obesity (SE). The partial extraction forces for these twelve conditions are presented in figures 13, 14, and 15. Estimating the extraction force requires addition of the victim's mass to the partial extraction force from the graph values (eq. 2).
A comparison of the partial extraction forces between two extreme conditions is shown in figure 16 . The upper condition (tall extreme obesity adult male) is shown with the lower condition (short underweight adult male). As a reference point, a medium height, normal weight adult male is also included. There is considerable variation between the two extreme conditions, which ranges from 5,581 N (1254.6 lbf) at shallow depths to 14,577 N (3,277 lbf) at greater depths. 
Summary
This article presented the existing extraction force prediction model, explored sensitivity analyses of the input variables, updated the anthropometric data used in calculations, and produced extraction force estimates for adult male victims with different body types for various depths when the victim was below the grain surface. The model presentation and sensitivity analyses provide a better understanding of the variables that are used in the model. It also helps focus additional research efforts on the variables that have the greatest influence on extraction forces.
The ability to generate different human models permits exploration of how certain human variables can influence the extraction force estimates. A victim classified as tall and extremely obese can now have an estimated extraction force that differs from that of a victim classified as short and underweight. At a grain depth of 3.048 m (10 ft), the estimated extraction force ranges from 12,261 N (2,756.4 lbf) for a tall extreme obesity person to 6,680 N (1,501.7 lbf) for a short underweight person. These results increase the general understanding of the original extraction force prediction model and help focus new research on topics that can further improve the model. These results also address the question of what the extraction force would be for male victims who are not 75 kg (165 lb) in mass, 1829 mm (6 ft) in stature, and in perfect physical shape. 
